In this study we analyzed a heavily damaged sewage system, exposed to microbial induced concrete corrosion (MICC). Understanding the causes, the underlying reaction mechanisms and environmental controls of MICC is crucial in order to provide sustainable restoration strategies. Various decisive parameters for detecting alteration features were determined in the field and laboratory including (i) temperature, pH, alkalinity, chemical composition of the solutions, (ii) chemical and mineralogical composition of solids, and (iii) concentration of gaseous H 2 S, CH 4 and CO 2 within the sewer pipe atmosphere. Focus was laid on stable sulfur, oxygen and hydrogen isotope data, which were used to decipher individual microbiological reaction mechanisms.
Introduction
Corrosion of concrete based sewer systems due to the emission of hydrogen sulfide (H 2 S) is a worldwide occurring issue with high economical relevance (O'Connell et al. 2010; Joseph et al. 2012) . The deterioration of the concrete is attributed to a chain of complex abiotic and biotic reactions. Under anaerobic conditions bacterial reduction of sulfate occurs, resulting in H 2 S production among other sulfide species. Briefly, H 2 S is volatilized from the wastewater into the atmosphere of the sewer system and subsequently diffuses into the pore structure of the concrete. In the pore system the sulfide gets re-oxidized by sulfide oxidizing bacteria (SOB) to form sulfuric acid (H 2 SO 4 ) under moist conditions (Haaning Nielsen et al. 2005; Yuan et al. 2015) . H 2 SO 4 reacts with the cementitious matrix and the carbonatic additives, triggering dissolution, as well as neo-formation of sulfate salts, e.g. gypsum (Vincke et al. 1998; Yuan et al. 2013) . In this study we provide a deeper understanding about the driving forces of MICC, using a multi-proxy approach applied on a sewage system, which is urgently due for restorations after a service life of only 9 years. The multi-proxy approach is based on mineralogical, chemical, and microstructural data, but in particular on stable isotope signatures of sulfur, oxygen and hydrogen.
Field Site
The investigated sewer system is located near the city of Graz in the south-eastern parts of Austria. It can be categorized as a combined sewer network, thus transporting the daily wastewater flow of around 13000 citizens as well as the runoff from eventual storm events. In 2004 two new power mains were installed in order to secure a proper wastewater drain. Ever since community complaints about odor rose and subsequently deterioration of the concrete within the parts of the gravity sewer started (Grengg et al. 2015) . Figure 1 displays an overview of the sewer network together with three characteristic images of heavily corroded manholes within the first parts of the system (A-B), as well as lower degraded manholes (C). 
Methods
Liquids were sampled throughout the whole sewer system together with drinking water from the surrounding area in order to gain reference data for chemical analyses. On site measurements of pH, electric conductivity, O 2 concentration and redox potential were carried out. In the lab, the solutions were filtered using 0.45 μm membranes prior to alkalinity analyses by potentiometric titration with 0.02 M HCl. The concentration of dissolved components was measured by a Dionex ICS-3000 Ion Chromatograph (IC) and a PerkinElmer Optima 8300 DV inductively coupled plasma optical emission spectrometer (ICP-OES).
Deteriorated concrete samples from various manholes were dried at 40°C and subsequently grounded for mineralogical analysis using a PANalytical X'Pert PRO diffractometer (XRD). Mineral phase identification was carried out with the PANalytical X'Pert HighScore software (version 2.2e). A hydraulic press was used to extract the pore fluids of the concrete for the above chemical analyses (Tritthart 1989) . Thin sections of drill core samples were prepared for back-scattered images (BSE) and elemental mapping, using a JEOL JXA-8200 Superprobe (EMPA).
The concentrations of gaseous H 2 S, CH 4 , O 2 and CO 2 within the sewer pipe atmosphere were measured periodically, using a Draeger 3000 gas monitor. Gas samples of the sewer atmosphere were taken using gas sampling tubes. The stable sulfur isotope ratios ( 34 S/ 32 S) were analyzed by combustion of BaSO 4 , Ag 2 S or ZnS using a Thermo Finnigan 253 mass spectrometer. The δ 34 S values, gained from BaSO 4 , represent SO 4 from liquid samples extracted from the wastewater, as well as from pore fluids and the damaged concrete. The δ 34 S values obtained from Ag 2 S and ZnS reflect the signature of gaseous H 2 S, which was captured by a 0.1 M silver nitrate and a 5% zinc acetate solution, respectively. Results are given according to δ 34 S-notation in ‰ relative to the Vienna-Canyon Diablo Troilite (V-CDT) standard. Stable hydrogen and oxygen ratios of the wastewater and expressed pore liquid samples were analyzed by wavelength-scanned cavity ring-down spectroscopy (WS-CRDS), using a L2120-I system from Picarro. Results are given in δ 2 H and δ 18 O-notations in ‰ relative to the Vienna Mean Ocean Water (V-SMOW).
Results and Discussion
Low oxygen levels of 0.3 mg/l within the storage basin, together with low pumping rates resulted in oxygen depletion and the establishment of anaerobic conditions within the power mains. Consequently, sulfate reduction by sulfate reducing bacteria (SRB), e.g. Desulfovibrus and Desulfobulbus (Jensen et al. 2011) , proceeded, resulting in H 2 S concentrations of up to 400 ppm and CO 2 concentrations of up to 2800 ppm within the atmosphere of the concrete manholes. The significant decrease of sulfate concentration with flow direction from 250 to 15 mg/l verified the reduction of sulfate to sulfide species due to bacterial activity. The gaseous H 2 S and CO 2 are considered to be rapidly absorbed into the moist pore structure of the concrete, thereby continuously lowering the concrete pH due to abiotic acid-base reactions (Satoh et al. 2009; Islander et al. 1992) . Once pH ≈ 9.5 was reached, colonization of different strains of SOB occurred and biotic H 2 SO 4 production started. With persistent decreasing pH new strains of bacteria developed and colonized the surface of the manholes (Alexander et al. 2013 ). The expressed pore fluid from the corroded concrete yielded pH values between 0.7 and 3.1, generating an extremely aggressive environment. The bacteria extracted from the deteriorated concrete were identified as Acidithiobacillus thiooxidans These aggressive interstitial solutions reacted with the cementitious matrix of the concrete, which consist mainly of calcium hydroxide (Ca(OH) 2 ) and calcium aluminate phases, to form gypsum (CaSO 4 ·2H 2 O), bassanite (CaSO 4 ·0.5H 2 O) and anhydrite (CaSO 4 ) (Grengg et al. 2015) . Thus the corrosion of the concrete based sewer system could be clearly attributed to MICC. The primary reduction of sulfate and subsequent re-oxidation due to SRB and SOB, respectively, within MICC resulted in fractionation trends for stable sulfur isotopes. An isotope fractionation is obvious between samples extracted from the wastewater phase and the newly formed gypsum, precipitated from the interstitial solutions. While we obtained δ 34 S values between 3.0 and 8.5 ‰ for the wastewater, both the pore fluids and newly formed gypsum displayed δ 34 S values between 0.0 and -4.2 ‰. Interestingly, no isotope fractionation of 34 S versus 32 S could be seen between gaseous H 2 S (extracted via Ag 2 S and ZnS precipitation) and the dissolved sulfate of the wastewater. This supports the assumption of nearly quantitative conversion of sulfate to H 2 S, present within the power mains, as non-quantitative transformation would result in large kinetically controlled fractionation effects. Preliminary δ 2 H data of extracted interstitial solutions revealed hydrogen isotope fractionation of up to 10 ‰ compared to local drinking waters, while constant δ 18 O values of -9 ± 1 ‰ were measured. Fig.2 . 34 S/ 32 S isotope fractionation between the dissolved sulfate in the wastewater (black) and the gaseous H2S (blue), the sulfate in the pore fluids and the secondary formed gypsum (yellow) within the deteriorated concrete with flow distance.
Conclusion
Combined chemical, biological, isotope and mineralogical analyses clearly linked the progressing corrosion to MICC. The highly aggressive interstitial fluids with low pH between 0.7 and 3.1 were produced by high activity of SOB and subsequent H 2 SO 4 production. Acid conditions enhanced concrete corrosion, which led to corrosion rates of up to 1 cm/y and complete deterioration of great parts of the concrete system after a service life of 9 years. The observed biogenically induced sulfur isotope fractionation of up to 13 ‰ between the sulfate within the wastewater, the interstitial solutions and the newly formed gypsum, indicates intense colonization of different families of sulfate reducing and sulfur oxidizing bacteria.
